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SUMMARY 
In  the  p i lo t  desc r ib ing  func t ion  t echn ique  o f  manual c o n t r o l  a n a l y s i s ,  
t h e  p i l o t  is represented by a l inea r  desc r ib ing  func t ion  and  a s t a t i s t i c a l l y  
described "remnant." The r emnan t  accoun t s  fo r  t ha t  pa r t  o f  t he  p i lo t  ou tpu t  
n o t  l i n e a r l y  c o r r e l a t e d  w i t h  t h e  i n p u t .  The technique was p i o n e e r e d  i n  work 
on manual con t ro l  of  r i g i d  v e h i c l e s  a n d  h a s  r e s u l t e d  i n  a c a t a l o g  o f  p i l o t  
desc r ib ing  func t ions  and  r emnan t  da t a  app l i cab le  to  ce r t a in  p i lo t  t a sks .  The 
app l i cab i l i t y  o f  t h i s  t echn ique  and  o f  t he  ex i s t ing  da ta  to  the  ana lys i s  o f  
manual con t ro l  o f  a f l e x i b l e  v e h i c l e  h a d  n o t  b e e n  i n v e s t i g a t e d .  I n  t h i s  
r e p o r t ,  t h e  method i s  e v a l u a t e d  f o r  u s e  i n  a n a l y z i n g  t h e  p i l o t  c o n t r o l  o f  a 
l a r g e  f l e x i b l e  b o o s t e r .  
There are two p h a s e s  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  I n  t h e  f i rs t ,  t h e  
p i l o t  d e s c r i b i n g  f u n c t i o n  method i s  eva lua ted  when a p p l i e d  t o  t h e  a n a l y s i s  o f  
p i l o t  c o n t r o l  o f  an uncompensated booster. A p i l o t e d  f l i g h t  s i m u l a t o r  i s  used 
and the pi lot  descr ibing funct ion,  remnant  and performance opinion rat ings are 
measured.  These  quantit ies are compared wi th  those  es t imated  us ing  da ta  
ob ta ined  f rom essen t i a l ly  r ig id  veh ic l e  manual con t ro l  p rob lems .  In  the  sec- 
ond p h a s e ,  t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  method i s  eva lua ted  when u s e d  t o  
de f ine  a compensation  system for t h e  f l e x i b l e  b o o s t e r .  P i l o t  o p i n i o n  r a t i n g s  
measured for  th i s  compensa t ion  sys tem,  us ing  a f l i g h t  s i m u l a t o r ,  are compared 
wi th  r a t ings  e s t ima ted  us ing  the  p i lo t  desc r ib ing  func t ion  me thod .  These  
r a t i n g s  are a l s o  compared with those measured for  a different  compensat ion 
system which was based on t h e  same c r i t e r i a ,  but  deduced by an ent i re ly  
d i f f e r e n t  method of  ana lys i s  employing  p i lo ted  f l igh t  s imula tors  exc lus ive ly .  
I t  i s  concluded  tha t  the  remnant  par t  o f  the  p i lo t  model  assumes a 
g r e a t e r  i m p o r t a n c e  i n  t h e  a n a l y s i s  o f  a f l e x i b l e  v e h i c l e  t h a n  i n  t h e  a n a l y s i s  
o f  r i g i d  body manual cont ro l  because  of  i t s  tendency  to  exci te  t h e  s t r u c t u r a l  
modes.  The p i l o t  remnant  es t imated from the exis t ing data does not  appear  
d e f i n i t i v e  enough t o  u s e  i n  t h e  manual c o n t r o l  a n a l y s i s  o f  a f l e x i b l e  b o o s t e r .  
However, t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  method a f fo rds  a valuable  technique 
t h a t  can b e  u s e d  i n  c o n j u n c t i o n  w i t h  a s imula tor  program for  def in ing  an  
adequate manual control system for a f l e x i b l e  b o o s t e r .  
INTRODUCTION 
The NASA has conducted a general  research program concerned with pi lot  
con t ro l  o f  t he  Sa tu rn  V launch vehicle .  The i n i t i a l  p h a s e  o f  t h i s  s t u d y  d e a l t  
w i th  p i lo t ing  p rob lems  invo lved  in  gu id ing  the  veh ic l e  t h rough  the  first s t a g e  
wi thout  over loading  the  s t ruc ture  dur ing  encounters  wi th  wind  d is turbances .  
Two main problems have been attacked. The f irst  i s  t h e  f e a s i b i l i t y  o f  p i l o t  
control  of  the uncompensated booster  and the second i s  t h e  d e f i n i t i o n  o f  a 
sui table  compensat ion system of  minimum complexity.  The s o l u t i o n  t o  e a c h  o f  
these  problems was sought by two methods.  In  the first,  t e r m e d  t h e  f l i g h t  
s imula to r  method, the  launch  vehic le  and  p i lo t  task were s imula ted  and  an 
exper imenta l   inves t iga t ion   conducted .   In   the   second,   t e rmed  the   p i lo t  
desc r ib ing  func t ion  method, the system was ana lyzed  us ing  p i lo t  desc r ib ing  
functions and servomechanism theory.  The fl ight simulator method of ana lys i s  
proceeded  along  conventional  l ines  and i s  d e s c r i b e d  i n  r e f e r e n c e  1. The p i l o t  
desc r ib ing  func t ion  method was used by Systems Technology, Inc., under 
c o n t r a c t  t o  t h e  NASA ( r e f s .  2 and 3 ) .  
B a s i c a l l y ,  t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  method can be considered as a 
two s t e p  p r o c e s s .  I n  t h e  f irst  s t e p ,  t h e  p i l o t  t a s k  i s  s i m p l i f i e d  t o  t h a t  o f  
minimizing a s i n g l e  e r r o r  s i g n a l  and i s  u s u a l l y  r e f e r r e d  t o  as a s i n g l e - a x i s  
Pllot model compensatory  tracking  task.  
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Figure 1.- General  representation for manual control in a 
single-axis  compensatory  t acking task. such a p i l o t   r e p r e s e n t a t i o n ,  
s i m p l i f i e d  p i l o t - v e h i c l e  s y s t e m  may be  ana lyzed  us ing  the  s tandard  techniques  
of servomechanism theory. The second  pa r t  o f  t he  p rocess  i s  to  use  in fo rma-  
t i o n  from the  s ingle-ax is  compensa tory  ana lys i s  to  pred ic t  the  per formance  of  
a p i l o t  f l y i n g  t h e  a c t u a l  s y s t e m  i n  t h e  o p e r a t i o n a l  t a s k .  T h i s  i s  a far less 
de f in i t i ve  p rocess  than  the  first p a r t  s i n c e  i t  accoun t s  fo r  add i t iona l  
fac tors  ( such  as complexity and workload), and relies h e a v i l y  on t h e  p a s t  
expe r i ence  o f  t he  ana lys t .  
The p i l o t  d e s c r i b i n g  f u n c t i o n  method has  been  used  success fu l ly  in  the  
f i e l d  o f  manual c o n t r o l  a n a l y s i s  t o  s u p p o r t  s i m u l a t i o n  e f f o r t s  and t o  make 
independent  pre l iminary  ana lys i s  of  cer ta in  p i lo t  cont ro l  problems ( re fs .  5 
and 6 ) .  G e n e r a l l y ,  t h e  s t r u c t u r a l  f l e x i b i l i t y  o f  t h e  v e h i c l e  h a s  b e e n  con- 
s i d e r e d  n e g l i g i b l e .  I n  t h e  manual c o n t r o l  a n a l y s i s  o f  l a r g e  f l e x i b l e  b o o s t e r s ,  
however,  such effects must b e  i n c l u d e d  ( r e f s .  7 and 8) .  The Sa tu rn  V veh ic l e  
is charac te r ized  by  a h i g h  d e g r e e  o f  s t r u c t u r a l  f l e x i b i l i t y .  The a p p l i c a t i o n  
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o f  t h e  e x i s t i n g  p i l o t  d e s c r i b i n g  f u n c t i o n  d a t a  t o  t h i s  new class o f  veh ic l e  
could therefore  be quest ioned because of  the unknown in f luence  o f  t he  
s t r u c t u r a l  f l e x i b i l i t y .  
The e f f e c t  of p i l o t  remnant i n  t h e  a n a l y s i s  i s  o f  pa r t i cu la r  conce rn .  
P i l o t  remnant  can of ten be neglected in  the analysis  of  manual  control  of  
r i g i d  v e h i c l e s .  This i s  n o t  t r u e  i n  t h e  a n a l y s i s  o f  manual con t ro l  o f  f l ex -  
i b l e  v e h i c l e s .  The p i lo t  ou tpu t  t ha t  co r re sponds  to  the  r emnan t  is genera l ly  
a small p o r t i o n  o f  t h e  t o t a l  p i l o t  o u t p u t .  However, a t  h igh  f r equenc ie s ,  t he  
remnant is o f t en  the  on ly  sou rce  o f  exc i t a t ion  in  an  o the rwise  l i nea r  sys t em.  
During the manual cont ro l  of  r ig id  vehic les ,  the  h igh- f requency  remnant  i s  
f i l t e r e d  by the  veh ic l e  dynamics and does not affect  the system performance. 
During the manual con t ro l  o f  a f lexible  vehicle ,  the high-frequency remnant  
e x c i t e s  t h e  e l a s t i c  modes whose e f f e c t  i s  the re fo re  ampl i f i ed .  In  th i s  ca se ,  
t h e  p i l o t  remnant would have a d e f i n i t e  e f f e c t  on system performance. 
The l i m i t a t i o n s  o f  t h e  d e s c r i b i n g  f u n c t i o n  and remnant data for manual 
cont ro l  of e l a s t i c  v e h i c l e s  were fu l ly  r ecogn ized  a t  the  t ime of  the  s tudy  by  
Systems  Technology,  Inc.  However, it was a g r e e d  t h a t  t h e  b e s t  a v a i l a b l e  
models1 would be used by Systems Technology, Inc. , to  independent ly  analyze 
t h i s  new type  o f  p i lo t -veh ic l e  sys t em,  and  to  l a t e r  compare t h e  r e s u l t s  w i t h  
t h e  more convent ional   s imulator   program.  Specif ic   areas ,   such as p i l o t  
descr ib ing  func t ions  and  remnant  spec t ra ,  were  to  be  inves t iga ted  exper i -  
mentally a t  Ames t o  v a l i d a t e  or r e f i n e  t h e  models and parameters used i n  t h e  
analysis  performed  by  Systems  Technology,  Inc.  These  data  are  presented i n  
t h i s  r e p o r t .  The o v e r a l l  g o a l s  o f  t h i s  r e p o r t  a r e  t o  i n d i c a t e  t h e  a p p l i c a -  
b i l i t y  of  the  descr ib ing  func t ion  method t o  t h e  manual cont ro l  of  la rge  
f l e x i b l e  b o o s t e r s  and to  r evea l  t he  a reas  need ing  more r e sea rch .  
NOTATION 
c ( t )   p i l o t   o u t p u t   s i g n a l  
Fa YF0 t ime-vary ing   coef f ic ien ts   in   the   equat ions   o fmot ion  
g ea r th ' s   g rav i ro t a t iona l   cce l e ra t ion ,   m/ sec2  
i ( t )   sys em  inpu t  i gna l  
j imaginary  uni t , Ci 
Ma 3% t ime-vary ing   coef f ic ien ts   in   the   equat ions   o fmot ion  
m(t)   system  output   s ignal  
" ~~ 
lThis   ana lys i s  w a s  performed i n  1965.   Since  that   t ime,   addi t ional  work 
on p i l o t  modeling has been performed. (See refs.  9 and lo . )  
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w 
n o i s e  s i g n a l  i n j e c t e d  i n t o  s y s t e m  at  p i l o t  p e r c e p t i o n  p o i n t  
Laplace  var iab le  
v e l o c i t y ,  m/sec 
v e h i c l e  t r a n s f e r  f u n c t i o n  
p i l o t  d e s c r i b i n g  f u n c t i o n  
aerodynamic angle  of  a t tack,  deg 
engine  gimbal  angle,  deg 
a c c e l e r a t i o n  a t  p i l o t  and acce lerometer  loca t ions ,  
r e s p e c t i v e l y ,  m/sec2 
d e v i a t i o n  o f  a t t i t u d e  f r o m  n o m i n a l  t r a j e c t o r y ,  a t t i t u d e  and 
a t t i t u d e  rate measured a t  a t t i t u d e  g y r o  l o c a t i o n ,  
deg/deg/sec 
d e v i a t i o n  o f  a t t i t ude  f rom nomina l  t r a j ec to ry ,  a t t i t ude  and  
a t t i t u d e  ra te  measured a t  ra te  gyro  loca t ion ,  
deg/deg/sec 
s t anda rd  dev ia t ion  
c r o s s  power dens i ty  func t ion  be tween  s igna l s  x ( t )  and y ( t )  
f requency,   rad/sec 
VEHICLE AND DISTURBANCE 
The veh ic l e  conf igu ra t ion  and pe r t inen t  d imens iona l  da t a  a re  shown i n  
f i g u r e  2 .  Ful ly  fue l ed ,  t he  veh ic l e  mass i s  n e a r l y  3,000,000 kg,  and  the 
moment o f  i n e r t i a  a p p r o x i m a t e l y  1 ~ 1 0 ~  kg-m2.  The na tu ra l  f r equenc ie s  o f  t he  
f irst  two bending modes are 1 and 2 Hz, r e s p e c t i v e l y .  
Only t h e  f irst  s t a g e  o f  f l i g h t  i s  cons idered .   This   s tage   fo l lows  a 
gravi ty   tu rn   t ra jec tory   for   150   seconds .   Burnout   occurs  a t  a n  a l t i t u d e  o f  
approximately 60,000 m ,  wi th  a ve loc i ty  of  2 ,350  m/sec. The maximum t h r u s t -  
t o - w e i g h t  r a t i o  is 4 . 7 .  The maximum dynamic p res su re  i s  3,650 kg/m2 and 
occurs 77 s e c o n d s  a f t e r  l i f t - o f f  a t  a n  a l t i t u d e  n e a r  1 3 , 0 0 0  m. 
Severe  s t ruc tura l  loads  a re  caused  by  winds  tha t  occur  near  the  maximum 
dynamic p res su re  po r t ion  o f  t h e  t r a j e c t o r y .  Part o f  t h e  p i l o t  task i s  t o  
reduce these wind-induced loads.  A wind d is turbance  based  on  measurements 
taken a t  t h e  A i r  Force Eastern Test Range, Cape Kennedy Launch Area ( r e f .  l ) ,  
was assumed i n  t h e  i n v e s t i g a t i o n  and is descr ibed  in  appendix  B .  
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Figure 2 . -  Saturn V vehicle configuration. 
PERFORMANCE CRITERIA 
The performance measures 
cons ide red  a re  con ta ined  in  r e fe r -  
ence 3 .  B r i e f l y ,   t h e s e   c r i t e r i a  
were t r a c k i n g  a c c u r a c y ,  s t r u c t u r a l  
loads  (bending  moments),  transverse 
acce le ra t ions  a t  t h e  p i l o t  s t a t i o n ,  
and p i l o t   o p i n i o n .  The s t r u c t u r a l  
loads are  computed i n  t h e  form 
M/Md, d e f i n e d  a s  t h e  r a t i o  o f  max- 
i m u m  bending moment t o  t h e  d e s i g n  
bending moment a t  a c r i t i c a l  l o c a -  
t i o n  on the   vehic le .   Transverse  
a c c e l e r a t i o n  a t  t h e  p i l o t  s t a t i o n  
i s  measured i n  g 's .  Pi lo t  op in ion  
is measured using the numerical 
Cooper Pi lot  Opinion Rat ing Scale  
( r e f .   1 1 ) .   T h i s   s c a l e  i s  shown i n  
f i g u r e  3 .  
EVALUATION PROCEDURE 
The procedure used to  
e v a l u a t e  t h e  p i l o t  d e s c r i b i n g  
func t ion  method a p p l i e d  t o  t h e  
manual con t ro l  o f  the uncompensated 
Adjec t ive  Numerical  Description 
P r imary   m iss ion  
ra t i ng  accomplished ra t ing  
I 
3 
2 
Yes Excellent,  Includes  optlmum 
NORMAL 
Sat is factory  
Good. pleasant to f l y  
unpleasant  characterisi ics 
Sat is fac iory ,  bu i  wlth some mi ld ly  
Yes 
Yes 
4 Acceptable. but with unpleasant 
characterist ics 
Unacceptable  for  norrnol 
Yes 
~ ~ ~ ~ ~ O C N y  Doubtful operailon 
5 
Unsatisfactory 
Doubtful conditlon only * 
6 Acceptoble  for  emergency 
7 Unacceatable even for 
I I No Unacceptable emergency condition* Unacceptable - Dangerous I No No 
9 No Unacceptable - Unconirollable 
1 Unprintable 1 10 Motions  p s ibly  vloleni  enough to 
*Fai lure of  s iabi l i iy  augmenter 
Figure 3 . -  Pilot opinion rating scale.  
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Figure 4.- Uncompensated  booster. 
boos te r  is  p r e s e n t e d  i n  figure 4. The t o p  row i l l u s t r a t e s  t h e  work done  by 
Sys tems Technology,  Inc . ,  us ing  the  p i lo t  descr ib ing  func t ion  method ( r e f s .  2 
and 3 ) .  The middle row i l l u s t r a t e s  t h e  work done i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  
and the bottom row i l l u s t r a t e s  t h e  work done by NASA u s i n g  t h e  f l i g h t  simu- 
l a t o r  method o f   ana lys i s  ( ref .  1 ) .  As is evident   f rom  f igure 4, two d i f f e r -  
en t   s imula t ions  were u s e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  F i r s t ,  t h e  
uncompensated boos te r  w a s  s imulated on a s ingle-axis  compensatory t racking 
t a s k  s i m u l a t o r .  I n  t h i s  t y p e  o f  s i m u l a t i o n ,  t h e  p i l o t  o b s e r v e s  a s ing le -ax i s  
e r ro r  d i sp l ay  and  h i s  t a sk  is  t o  t r a c k  a random i n p u t  s i g n a l .  The equations 
of motion were approximated  by a se t  of  time invariant  equat ions.  This  s imu- 
l a t i o n  is fu r the r  d i scussed  in  append ix  B.  Dur ing  the  p i lo t ed  con t ro l  o f  t he  
single-axis compensatory tracking t a s k  s imula to r ,  t he  p i lo t  desc r ib ing  func -  
t ion,  remnant ,  combined pi lot-vehicle  f requency response,  and the accelera-  
t i o n s  a t  t h e  p i l o t  s t a t i o n  were  measured.  These  measured  quantities  are 
compared (comparison A) w i t h  t h o s e  e s t i m a t e d  i n  t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  
s tudy  for   the  s ingle-axis   compensatory  analysis .   Second,   the  uncompensated 
boos te r  was s imula ted  on a f ixed-base  launch  vehic le  s imula tor .  Time varying 
equat ions of motion were u s e d  i n  t h i s  s i m u l a t o r ,  a n d  t h e  p i l o t  d i s p l a y s  were 
similar t o  t h o s e  t h a t  would b e  u s e d  i n  t h e  o p e r a t i o n a l  v e h i c l e .  The p i l o t  
t a s k  was t o  c o n t r o l  t h e  v e h i c l e  d u r i n g  a s imulated launch.  From t h i s  
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s imula t ion ,  the  bas ic  sys tem per formance  w a s  measured. Data from the launch 
veh ic l e  s imula t ion  are u s e d  t o  make two comparisons. F i r s t ,  t h e  measured d a t a  
are compared (comparison B) wi th  the  per formance  es t imated  for  the  opera t iona l  
l aunch  us ing  the  p i lo t  desc r ib ing  func t ion  method ( ref .  3 ) .  This  comparison 
i s  made t o  i n d i c a t e  t h e  s u c c e s s  o f  t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  method i n  
p red ic t ing  the  sys t em pe r fo rmance  fo r  t he  ope ra t iona l  t a sk  from t h e  r e s u l t s  
ob ta ined  in  the  s ing le -ax i s  compensa to ry  ana lys i s  phase  o f  t he  p i lo t  
desc r ib ing  func t ion  m e t h o d .  U n f o r t u n a t e l y ,  t h i s  s t e p  i n  t h e  p i l o t  d e s c r i b i n g  
func t ion  s tudy  d id  not  inc lude  computa t ions  of  the  effect  o f  p i l o t  remnant 
and t h e  comparison cannot be expected to be good. These same measured d a t a  
are a l s o  compared (comparison C) wi th  the performance data  measured for  the 
uncompensated booster manual control system studied by NASA u s i n g  t h e  f l i g h t  
s imula to r  method ( r e f .  1 ) .  I n  t h i s  s y s t e m ,  t h e  p i l o t  o u t p u t  was f i l t e r e d  
whereas no f i l t e r i n g  was p r o v i d e d  i n  t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  a n a l y s i s .  
This performance comparison i s  made t o  i n d i c a t e  t h e  e f f e c t i v e n e s s  o f  t h e  p i l o t  
desc r ib ing  func t ion  method without remnant i n  t h e  f o r m u l a t i o n  o f  a manual 
c o n t r o l  s y s t e m  f o r  a f l e x i b l e  b o o s t e r .  
The p rocedure  used  to  eva lua te  the  p i lo t  desc r ib ing  func t ion  method 
a p p l i e d  t o  t h e  d e r i v a t i o n  o f  a compensated boos te r  manual cont ro l  sys tem i s  
i l l u s t r a t e d  i n  f i g u r e  5 .  To understand  the  evaluat ion  procedure,  it i s  
e s s e n t i a l  t o  u n d e r s t a n d  t h e  s e q u e n c e  o f  e v e n t s  i n  t h e  p i l o t  d e s c r i b i n g  f u n c -  
t i o n  s t u d y .  Two phases  were  used i n  t h i s  s t u d y  t o  d e f i n e  a " f ina l "  compen- 
sa t ed  sys t em.  In  the  first phase,  a prel iminary system was fo rmula t ed  in  
which the remnant  effects  were not  computed.  The purpose  of  th i s  sys tem was 
t o  e s t a b l i s h  t h e  b a s i c  s t a b i l i t y  a u g m e n t a t i o n  f o r  t h e  s y s t e m .  T h i s  s y s t e m  
was s i m u l a t e d  i n  a l aunch  veh ic l e  s imula to r  i n  the  p re sen t  i nves t iga t ion ,  and 
t h e  r e s u l t s  of t h e  s i m u l a t i o n  were examined  by  Systems  Technology, Inc.  These 
r e s u l t s  were used t o  o b t a i n  an understanding of  the effect  of  remnant  on t h e  
system  performance.  Using  these  results  and  published  remnant  data,  a " f ina l "  
integrated compensated booster  manual cont ro l  sys tem was formulated during 
phase 2 o f  t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  s t u d y .  
In  the  p re sen t  i nves t iga t ion ,  ne i the r  t he  ' l p re l imina ry"  no r  " f ina l "  
compensated booster systems were simulated on the s ingle-axis  compensatory 
t r a c k i n g  t a s k  s imula tor .   Therefore ,   the   cor responding   es t imated   p i lo t  
desc r ib ing  func t ions ,  e t c . ,  c anno t  be  compared with simulator measured quanti-  
t i e s .  However, both prel iminary and f inal  systems were s imulated on a launch 
veh ic l e  s imula to r .  The pe r fo rmance  fo r  t hese  two systems i s  measured  and i s  
u s e d  t o  make three comparisons.  F i r s t ,  the  performance measured for  the 
preliminary system (which did not include the effect  of  remnant)  and f inal  
system i s  compared  (comparison  D). The purpose  of  th i s  compar ison  i s  t o  
i n d i c a t e  t h e  effect  of remnant i n  t h e  f o r m u l a t i o n  of  a con t ro l  sys t em fo r  a 
f lex ib le  boos te r .  Second,  the  per formance  measured  for  the  f ina l  sys tem i s  
compared (comparison E) wi th  the  per formance  es t imated  for  tha t  sys tem us ing  
the  p i lo t  descr ib ing  func t ion  method.  The purpose  of  this  comparison i s  t o  
i n d i c a t e  how well t he  r e su l t s  o f  t he  s ing le -ax i s  compensa to ry  ana lys i s  o f  t he  
p i l o t  d e s c r i b i n g  f u n c t i o n  method can be generalized to estimate t h e  p e r f o r -  
mance in  the  ope ra t iona l  t a sk .  Th i rd ,  t he  measu red  pe r fo rmance  fo r  t he  f ina l  
system i s  compared (comparison F) with the measured performance for  the com- 
pensa ted  boos te r  t ha t  w a s  f o rmula t ed  us ing  the  conven t iona l  f l i gh t  s imula to r  
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Figure 5 . -  Compensated boos te r .  
method. The purpose  of  this  comparison i s  t o  i n d i c a t e  t h e  o v e r a l l  
e f f e c t i v e n e s s  o f  t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  method i n  f o r m u l a t i n g  a f i n a l  
c o n t r o l  s y s t e m  f o r  a f l e x i b l e  v e h i c l e .  
RESULTS AND DISCUSSION 
Uncompensated Booster  
Single-axis compensatory analysis.-  The f irst  s t e p  o f  t h e  p i l o t  d e s c r i b i n g  
func t ion  s tudy  was a s ingle-ax is  compensa tory  ana lys i s .  Dur ing  th i s  ana lys i s ,  
the  p i lo t  descr ib ing  func t ion ,  the  a t t i tude  loop  dynamics ,  the  remnant ,  and  
the  acce le ra t ions  a t  t h e  p i l o t  s t a t i o n  were estimated f o r  t h e  s i n g l e - a x i s  
compensatory  control  of  the  booster  dynamics.  Standard  servomechanism  theory 
was app l i ed  to  the  p rob lem.  
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Figure 6.- Saturn V simulation cab. 
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Figure 7.- Comparison A of figure 4: measured 
and estimated pilot describing function. 
For the purpose of this analysis, the uncompensated system was programmed 
on a single-axis compensatory tracking task simulator. The cab used in the 
simulation is shown in figure 6. An attitude error was displayed on a cathode 
ray tube, the other displays were inactive. The system input was a random 
attitude signal, and the pilot's task was to null the attitude error. The 
simulation is further described in appendix B. 
The quantities estimated in the pilot describing function study were 
measured (appendix B) using this simulation and the results are compared (com-
parison A of fig. 4). The measured and estimated pilot describing functions 
are compared in figure 7. The ordinate is given in radians of engine gimbal 
angle, S, per radian of attitude error, 68. The symbols represent the 
measured describing function. The solid line represents the estimated 
describing function 
O.S(2jw + l)e-O• 2jw 
(j~\2 (j~ \!V + 2 (1) "TO) + I 
from references 2 and 3. The amplitude ratios are in good agreement, but the 
measured phase angle is slightly lower than the estimated phase. It was 
noted in the pilot describing function study that additional phase lag should 
be included in the estimated describing function at the low frequencies to 
accurately represent the pilot. However, since the additional phase lag 
would not affect the system analysis (refs. 2 and 3), it was not included. 
On the basis of this comparison, the measured describing function agrees quite 
well with the estimated describing function. 
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Figure 9.- Comparison A of f i g u r e  4 :  measured 
remnant data for uncompensated booster and 
d a t a  u s e d  i n  p i l o t  d e s c r i b i n g  f u n c t i o n  s t u d y  
( r e f .  3 ) .  
The measured pi lot-vehicle  
open-loop frequency response i s  com- 
pared  wi th  the  es t imated  f requency  
r e s p o n s e   i n  figure 8. The s o l i d  l i n e  
r ep resen t s  t he  e s t ima ted  f r equency  
response and the symbols  represent  
the  measured  frequency  response.  The 
low-f requency  charac te r i s t ics  are 
s l i g h t l y  d i f f e r e n t  b e c a u s e  o f  a d i f -  
fe rence  be tween the  equat ions  of 
motion used i n  t h e  p i l o t  d e s c r i b i n g  
func t ion  s tudy  and  those  used  in  the  
p r e s e n t   i n v e s t i g a t i o n .  The d i f f e r -  
ence i s  caused by the method u s e d  i n  
making the  equa t ions  time i n v a r i a n t .  
This  i s  d i s c u s s e d  f u r t h e r  i n  appen- 
d i x  A. The f r equency   cha rac t e r i s t i c s  
are similar,  however,  above 
0 .1   r ad / sec .  The measured  crossover 
f requency ( the frequency at which t h e  
a m p l i t u d e  r a t i o  i s  1) and the  phase  
margin were approximately 1.0 rad/sec 
and 3 0 ° ,  r e s p e c t i v e l y .  The es t imated  
crossover frequency and phase margin 
were approximately 1 . 2  rad/sec and 
40°, r e s p e c t i v e l y .  The agreement 
between the measured and estimated 
va lues  i s  considered good. 
The methods used, during the 
p i l o t  d e s c r i b i n g  f u n c t i o n  s t u d y ,  t o  
de f ine  a remnant model were not as 
d e f i n i t i v e  as those  used  to  de f ine  
t h e   d e s c r i b i n g   f u n c t i o n .  However, 
c e r t a i n  remnant data were a v a i l a b l e  
( r e f .  4) dur ing   the   ana lys i s .   These  
d a t a  were u s e d  t o  d e f i n e  a rudi -  
ment ary  remnant mode 1, 
Qnne = I 2 o n 5 /  ( j w  + wN) I ; WN = 1 . o ;  2 
an  = 0 . 1 1   i n . ,  where an i s  the   roo t  
mean squa re  o f  t he  p i lo t  r emnan t .  
The remnant measured i n  t h i s  s t u d y  i s  compared i n  f i g u r e  9 wi th  the  da ta  
and  remnant  model u s e d  i n  t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  s t u d y .  The open 
symbols r e p r e s e n t  t h e  d a t a  c o n s i d e r e d  i n  t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  s t u d y  
( r e f .  3) and t h e  s o l i d  symbols  represent  the  da ta  measured  in  the  present  
eva lua t ion .  The remnant  model i s  i n d i c a t e d   b y   t h e   s o l i d   l i n e .   T h e r e  i s  a 
2The da ta  p re sen ted  he re  are c o r r e c t ,  t h e r e  was a f a c t o r  o f  2 e r r o r  i n  
t h e  d a t a  and model p r e s e n t e d  i n  r e f e r e n c e  3 .  
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s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  power between the remnant model and the remnant 
measured during the present  s tudy in  the frequency range of  the f irst  and 
second bending modes.  However, i t  should  be  noted  tha t  the  da ta  measured  for  
t h e  u n s t a b l e  dynamic element 2.5/jw(jw - 1.5) show b e t t e r  agreement with the 
boos te r  da t a  than  the  o the r  r eco rded  da ta .  Th i s  is i n t e r e s t i n g  s i n c e  t h e s e  
dynamics a re  c loses t  t o  t he  boos te r  ( s ee  f ig .  23  in  append ix  B). 
The remnant  model  g iven  by  the  so l id  l ine  in  f igure  9 was u s e d  i n  t h e  
p i l o t  d e s c r i b i n g  f u n c t i o n  s t u d y  t o  compute a normalized rms acce le ra t ion ,  
oy/on = 30.9 m/sec2-cm, at t h e  p i l o t  s t a t i o n  c a u s e d  b y  t h e  e l a s t i c  modes. 
Using the rms of t h e  remnant  model, On = 0 . 1 1  i n .  = 0.2794 cm, the  e s t ima ted  
rms a c c e l e r a t i o n  would  then  be  8.633 m/sec2 0.9  g.  The rms a c t u a l l y  meas- 
ured w a s  - 0 .1  g. The difference between the measured and estimated rms i s  
r e l a t ed  to  the  d i f f e rence  be tween  the  measu red  and estimated remnant power a t  
t h e  e l a s t i c  f requencies .  A t y p i c a l  trace of  the  acce lera t ions  caused  by  the  
f irst  bending mode, which w a s  measured a t  t h e  p i l o t  s t a t i o n  d u r i n g  a s i n g l e -  
ax is   compensa tory   t racking   task   f l igh t ,  i s  shown i n  f i g u r e  1 0 .  The magnitude 
var ies  between +O .25 g. 
4 b 5 s e c  Unaugmented booster 
Figure  10.-  Comparison A of  f igu re  4 :  acce le ra t ion  l eve l  at  crew  compartment  due t o  f i r s t  b e n d i n g  
mode during s ingle-axis  compensatory t racking task (no p i l o t  f i l t e r ) .  
These  comparisons  ( f igs .   7-10)   indicate   that   the   l inear ized  representa-  
t ion  of  the  s ing le-ax is  compensa tory  cont ro l  of  a f l ex ib l e  veh ic l e  can  be  
accompl ished  fa i r ly  well u s i n g  e x i s t i n g  p i l o t  d e s c r i b i n g  f u n c t i o n  e s t i m a t i o n  
methods. However, some add i t iona l   r e sea rch   appea r s   necessa ry   t o   de f ine  an 
accu ra t e  model o f  t h e  p i l o t  r e m n a n t .  
Evaluat ion of  operat ional  launch analysis . -  In  the second s tep of  the 
p i lo t -desc r ib ing -  func t ion  me thod ,  t he  r e su l t s  ob ta ined  in  the  s ing le -ax i s  
compensatory analysis were used to  ind ica te  the  sys tem per formance  dur ing  an  
ac tua l  ope ra t iona l  l aunch .  These  p red ic t ions  were  t en ta t ive  in  tha t  t hey  d id  
n o t  r e f l e c t  t h e  effects o f  p i lo t  r emnan t .  However, it was n o t e d  i n  t h e  p i l o t  
desc r ib ing  func t ion  s tudy  tha t  t he  e s t ima ted  pe r fo rmance  fo r  t h i s  sys t em would 
not correspond to the measured performance because the remnant was neglec ted  
and t h a t  some s o r t   o f   p i l o t   f i l t e r i n g  would probably be required.  
I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  uncompensated b o o s t e r  w i t h o u t  t h e  p i l o t  
f i l t e r  was s imulated on a launch  vehic le  s imula tor  and the performance 
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measured. The pilot display is illus trated in figur e 11. Attitude and 
attitude error were display ed on the Fl i ght Director Att i tude I ndi cator (FDAI ); 
vehicle acceleration, measured at a point near the vehi cle i nstant aneous cen-
ter of rotat i on , was displayed on the FDAI cross needles . Attitude rates were 
di splayed on the rate meters. The pilot task was to f ollow a t ypical gui dance 
profile, providing load relief during the encounter wi th a s imulated wind 
di sturbance . 
Figure 11 . - Instrument panel used in launch s i mulator . 
The measured performance for this system i s compared (comp ar i son B, 
fig. 4) with the estimated performance in figure 12 . Performance dat a 
included are pilot rating, pilot comments, attitude guidance tracking, load 
Performance Es11ma1ed (ref. 2 , 3) Measured (Effec1 01 remnan1 n01 included) (Launch vehicle simula1ar) 
Plla1 ra1ing 5-8 10 
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01 high frequencies, which resul1 out causing severe exclte-
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Al111ude gUidance "Poor, frequen1 exceedance of "Exci1a1ion of bending modes 
1racklng gUidance 10lerances preven1ed any oc~urote 
guidance tracking 
Load relief Ex1remely diff,cul1 bu1 possible Impossible 
Transverse occel- None given Severi1y of con1rol preven1ed 
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Figure 12. - Comparison B of f igure 4 : uncompensated boos t er (no pi lot f i lter). 
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r e l i e f ,  and transverse a c c e l e r a t i o n s  a t  t h e  p i l o t  s t a t i o n .  As expec ted ,   the  
measured  performance i s  p o o r e r  w i t h  r e s p e c t  t o  a l l  t h e  c r i t e r i a .  The es t i -  
mated performance indicates  that  the system would b e  d i f f i c u l t  t o  c o n t r o l ,  
bu t  s t i l l  f lyab le  wi th  a p i l o t  r a t i n g  o f  5 t o  8. The  measured  performance 
i n d i c a t e s  t h a t  manual c o n t r o l  i s  imposs ib le  and  th i s  i s  r e f l e c t e d  i n  a p i l o t  
r a t i n g  o f  10. The primary cause of the poor measured performance i s  t h e  
s e v e r e  e x c i t a t i o n  of the  bending  modes caused  by  the  cont ro l  ac t ions  of  the  
p i l o t .  T h i s  i s  c l e a r l y  i n d i c a t e d  b y  t h e  p i l o t  comments and a c c e l e r a t i o n s  
measured a t  t h e  p i l o t  s t a t i o n .  S i n c e  t h e  t r a j e c t o r y  g u i d a n c e  commands and t h e  
wind d is turbance  are o f  f a i r l y  low f r equency ,  t he  exc i t a t ion  o f  t he  e l a s t i c  
modes cannot  be  expla ined  by  the  descr ib ing  func t ion  por t ion  of t h e  p i l o t  
model. I t  t h e r e f o r e  seems reasonable  to  conclude  tha t  the  d i f fe rence  be tween 
the est imated and measured performance for  the system can be at t r ibuted to  the 
effect  of  neglec t ing  the  p i lo t  remnant  in  es t imat ing  the  sys tem per formance .  
Spacecraft 
Pilot falter 
The uncompensated 
boos ter  sys tem der ived  us ing  
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between this  system and the 
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ure 14. I t  i s  c l e a r  from 
~~ 
with the performance mea- IO 
p r e s e n t e d  f o r  t h i s  s y s t e m  
Present simulation 
(No pilot filter) 
"Load relief Impossible" 
mposslble" 
"Attitude control neor 
t h e  p i l o t  f i l t e r  i n  f i g -  
cousmg severe excltollon Of 
t h i s   f i g u r e   t h a t   t h e   p i   l o t  "Can't contra1 vehlcle wdhoul 
the bendmq  modes" 
f i l t e r  improved the  pe r fo r -  
Excitation of bendlng modes boos te r .  The p i l o t   f i l t e r  
prevented ony occurate 
guldance trochlng 
Impossible t o  r e d u c e  t h e  e x c i t a t i o n  o f  
mance f o r  t h e  uncompensated 
was des igned  to  smooth t h e  
~- p i l o t  c o n t r o l  a c t i o n s  s o  as 
Severity of control prevented 
measurement a f f e c t i n g   t h e   b a s i c   r i g d -  
t h e  e l a s t i c  modes without  
I body  dynamics ( r e f .   1 ) .   I n  
terms o f  p i l o t  d e s c r i b i n g  
func t ion  and  remnant ,  th i s  
implies tha t  t he  Dumose  o f  
Figure 14.- Comparison  C of figure 4 :  uncompensated  booster t h e  pilot  filter was to I I  
performance - with  and  without  pilot  filter. f i l t e r  t h e  p i l o t  r e m n a n t .  
I t  i s  i n t e r e s t i n g  t o  compare the  es t imated  per formance  for  the  sys tem 
w i t h o u t  t h e  p i l o t  f i l t e r  ( f i g .  1 2 )  with the performance measured for the 
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sys t em wi th  the  p i lo t  f i l t e r  ( f i g .  14). Since  the  e s t ima ted  pe r fo rmance  fo r  
t h e  s y s t e m  w i t h o u t  t h e  p i l o t  f i l t e r  d i d  n o t  i n c l u d e  t h e  effect  of p i l o t  rem- 
nan t ,  and s i n c e  t h e  p u r p o s e  o f  t h e  p i l o t  f i l t e r  w a s  t o  r e d u c e  t h e  e f f e c t  o f  
t h e  p i l o t  remnant  without  affect ing the basic  r igid-body dynamics,  i t  seems 
reasonab le  tha t  t he  e s t ima ted  pe r fo rmance  in  f igu re  1 2  should  compare reason- 
ab ly  well with the measured performance for  the system with the pi lot  f i l t e r  
p r e s e n t e d  i n  f i g u r e  1 4 .  As i s  evident ,   the   comparison  between  the two i s  good. 
The e s t i m a t e d  p i l o t  r a t i n g  f o r  t h e  s y s t e m  w i t h o u t  t h e  p i l o t  f i l t e r  was 5 t o  8, 
t h e  m e a s u r e d  p i l o t  r a t i n g  f o r  t h e  s y s t e m  w i t h  t h e  p i l o t  f i l t e r  was 5 t o  7.  
Compensated Booster  
The second problem cons idered  dur ing  the  p i lo t  descr ib ing  func t ion  s tudy  
was t h e  p i l o t  c o n t r o l  o f  a compensated booster. The purpose of this study was 
to  fo rmula t e  a compensation  system  of minimum complexity.  As n o t e d  ( f i g .  5 ) ,  
t h i s  s tudy  p roceeded  in  two p h a s e s .  I n i t i a l l y ,  a preliminary  compensation 
system was f o r m u l a t e d  t o  e s t a b l i s h  t h e  b a s i c  s t a b i l i t y  a u g m e n t a t i o n  f o r  t h e  
system. The effect  o f  p i l o t  remnant was no t  cons ide red  in  fo rmula t ing  th i s  
system. A f inal  compensat ion was then  formula ted  which  d id  cons ider  p i lo t  
remnant as well as o the r  sys t em in t eg ra t ion  f ac to r s  ( ref .  3) i n  t h e  s y n t h e s i s .  
A s ingle-axis  compensatory analysis  was conducted  for  bo th  the  pre l imi-  
nary and f i n a l  s y s t e m s  i n  t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  s t u d y .  T h i s  i n c l u d e d  
an est imat ion of  the pi lot  descr ibing funct ions and remnant  models  used in  the 
a n a l y s i s   ( r e f .  3 ) .  Unfor tuna te ly ,   these  two systems were  not  simulated on a 
single-axis compensatory tracking t a s k  s i m u l a t o r  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  
and t h i s  p o r t i o n  o f  t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  method cannot be evaluated. 
The two systems were, however, simulated i n  a f ixed-base  launch  vehic le  
s i m u l a t o r  u s i n g  t h e  c o n v e n t i o n a l  o p e r a t i o n a l  p i l o t  d i s p l a y s  i l l u s t r a t e d  i n  
f i g u r e  11. 
The prel iminary  system is  i l l u s t r a t e d  i n  f i g u r e  1 5 .  I t  i s  composed of  
two p i l o t  c o n t r o l  l o o p s  , a t t i t u d e  and load r e l i e f ,  and an inner loop t h a t  
provides   the  basic   vehicle   compensat ion.  The measured  performance  of  this 
K*lt) .1.27 15100 
Altitude 
ra 
1 
Figure 15.- Preliminary  compensated  booster  (refs.  2 ,  3). 
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Figure 16.- Measured performance fo r  pre l iminary  
compensation system. 
system i s  shown i n  figure 16. The 
system i s  s a t i s f a c t o r y  i n  a t t i t u d e  
t r a c k i n g ,  b u t  n o t  i n  p i l o t  r a t i n g ,  
load r e l i e f ,  and t ransverse acceler-  
a t ions  a t  t h e   p i l o t   s t a t i o n .  The 
main reason for  the poor  performance 
i s  an  excess ive  exc i t a t ion  o f  t he  
e las t ic  modes caused  by  the  p i lo t  
c o n t r o l   a c t i o n s .   S i n c e   t h i s  was 
only a pre l iminary  sys tem,  the  
performance was not  es t imated .  
The performance measured for 
the  pre l iminary  sys tem ( f ig .  16)  was 
t h e n  u s e d  i n  t h e  d e s c r i b i n g  f u n c t i o n  
s t u d y  t o  a i d  i n  t h e  e s t a b l i s h m e n t  o f  
a f i n a l  i n t e g r a t e d  manual con t ro l  
sys t em  ( r e f .  3 ) .  The f i n a l   s y s t e m  
is  i l l u s t r a t e d  i n  figure 17. The 
main d i f fe rence  be tween th is  sys tem 
and the prel iminary system i s  t h e  
Figure 1 7 . -  Final compensated booster system. 
placement of the ( s  + 0.5)  l ead  in  the  f eedback  pa th  o f  the  inner  loop  and  the  
p lacement  of  the  in tegra t ion  te rm,  l / s ,  j u s t  downst ream of  the  p i lo t  ( re f .  3 ) .  
The ( s  + 0 . l ) / s  term in  the  fo rward  loop  has  a l so  been  e l imina ted .  The 
primary purpose of these changes was t o  f i l t e r  t h e  h i g h - f r e q u e n c y  p i l o t  o u t p u t  
wh i l e  r e t a in ing  good a t t i t u d e  t r a c k i n g  and  load  r e l i e f  con t ro l .  
This system was flown on a pi loted launch vehicle  s imulator  and the 
performance  measured. I n  c o n t r a s t  t o  t h e  p r e l i m i n a r y  s y s t e m ,  t h e  f i n a l  s y s t e m  
provided an extremely smooth control   system. The p i lo t  con t ro l  ac t ions  were  
e f f e c t i v e l y  f i l t e r e d ,  p r e v e n t i n g  t h e  e x c e s s i v e  e x c i t a t i o n  o f  t h e  b e n d i n g  modes 
charac te r i s t ic  of  the  pre l iminary  sys tem.  The per formance  for  these  two 
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systems i s  compared  (comparison D,  f i g .  5 )  i n  f igu re   18 .  The performance  for 
t h e  f i n a l  s y s t e m  i s  considerably improved over the performance measured for 
the  pre l iminary  sys tem.  The remain ing  adverse  p i lo t  comments were  due t o  t h e  
gain  change a t  t = 100 sec. Remnant was no t   u sed   i n   de f in ing   t he   p re l imina ry  
system, but  was a p r i m a r y  f a c t o r  i n  d e f i n i n g  t h e  f i n a l  s y s t e m  ( r e f .  3 ) .  The 
above d i scuss ion  c l ea r ly  ind ica t e s - the  impor t ance  o f  r emnan t  i n  the  syn thes i s  
of a compensation system for a f l e x i b l e  v e h i c l e .  
- 
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Transverse occel- 
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Figure 18.- Comparison D o f  f i g u r e  5 :  measured  performance for  pre l iminary  and  f ina l  sys tems.  
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Figure 19.- Comparison E o f   f i gu re  5:  es t imated  and  measured 
performance for final compensated booster system. 
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The measured pe r fo r -  
mance f o r  t h e  f i n a l  s y s t e m  
i s  a l s o  compared i n  f i g -  
u r e  19 (comparison E ,  f i g .  5) 
with performance estimated 
i n  t h e  p i l o t  d e s c r i b i n g  
f u n c t i o n  s t u d y  f o r  t h e  f i n a l  
system.  This  comparison 
shou ld  ind ica t e  how we l l  t he  
r e s u l t s  of t h e  s i n g l e - a x i s  
compensatory analysis can be 
g e n e r a l i z e d  t o  t h e  o p e r a -  
t i o n a l  t a s k  i n  t h e  p i l o t  
desc r ib ing  func t ion  method. 
The estimated and measured 
per formances  a re  in  satis-  
factory agreement with 
r e s p e c t  t o  a l l  t h e  c r i t e r i a  
l i s t e d .  
The o v e r a l l  e f f e c t i v e n e s s  o f  t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  method can b e  
i l l u s t r a t e d  by comparing the performance measured f o r  t h e  f i n a l  s y s t e m  w i t h  
the performance measured for the different compensation system which was 
f o r m u l a t e d  u s i n g  t h e  f l i g h t  s i m u l a t o r  method ( r e f .  1). The  compensated 
boos te r  con t ro l  sys t em fo rmula t ed  us ing  the  f l i gh t  s imula to r  method of  analy-  
s is  is i l l u s t r a t e d  i n  f i g u r e  20.  The i n n e r  l o o p  p r o v i d e s  t h e  b a s i c  v e h i c l e  
compensation. F i l t e r  immediately downstream of  the pi lot  smooths the pi lot  
o u t p u t  s o  as n o t  t o  e x c i t e  t h e  e l a s t i c  modes. 
Figure 20 . -  Compensated b o o s t e r  - f l i gh t  s imula to r  sys t em ( r e f .  1 ) .  
The measured performance for  this  system i s  compared (comparison F ,  
f i g .  5) with the measured performance for  the f inal  system formulated using 
t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  method i n  f i g u r e  2 1 .  Although  the two systems 
are d i f f e r e n t  i n  s t r u c t u r e ,  t h e  measured  performance i s  very similar. The 
p i l o t  r a t i n g  o f  3 t o  4 was t h e  same f o r  t h e  two systems. The system derived 
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Figure 2 1 . -  Comparison F of  f igure  5:  measured  per formance  for  f l igh t  s imula tor  der ived  and  
p i lo t  descr ib ing  func t ion  der ived  compensa ted  boos ter  sys tems.  
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u s i n g  t h e  p i l o t  d e s c r i b i n g  f u n c t i o n  method was s l i g h t l y  s m o o t h e r  t h a n  t h e  
s imula tor  der ived  sys tem.  This  is i n d i c a t e d  b y  t h e  p i l o t  comments and t r a n s -  
verse accelerat ions measured a t  t h e  p i l o t  s t a t i o n .  The s imula to r  de r ived  
system,  however,  provides some improvement i n  l o a d  r e l i e f .  Based  on t h e s e  
performance measures, both systems provide good manual control systems, and i t  
can be concluded that  the descr ibing funct ion method can provide a good 
estimate f o r  a booster compensation system when a l l  t h e  dominant f a c t o r s  a r e  
i n c l u d e d  i n  t h e  a n a l y s i s .  
CONCLUDING REMARKS 
The p i l o t  d e s c r i b i n g  f u n c t i o n  method was used  to  ana lyze  the  manual 
con t ro l  of a f lex ib le  boos te r .  Because  the  method r e q u i r e s  a number of 
approximations,  i t  should  be  used  in  conjunct ion  wi th  a f l i g h t  s i m u l a t o r  p r o -  
gram.  Based  on t h e  p r e s e n t  e v a l u a t i o n ,  i t  i s  c o n c l u d e d  t h a t  e x i s t i n g  p i l o t  
desc r ib ing  func t ion  da ta  can  be  used  to  adequa te ly  r ep resen t  t he  s ing le -ax i s  
compensatory  control  of a f l e x i b l e  v e h i c l e .  The effect  o f  t h e  p i l o t  remnant 
i n  t h e  a n a l y s i s  o f  t h e  f l e x i b l e  v e h i c l e  i s ,  however, o f  much g r e a t e r  impor- 
tance  than  it i s  i n  t h e  a n a l y s i s  o f  t h e  manual c o n t r o l  o f  r i g i d  v e h i c l e s ,  a n d  
addi t iona l  research  does  seem n e c e s s a r y  t o  e s t a b l i s h  a more d e f i n i t i v e  
r ep resen ta t ion  o f  t he  p i lo t  r emnan t .  
Desp i t e  t he  appa ren t  l imi t a t ions  o f  t he  desc r ib ing  func t ion  method, t he  
comparisons made i n  t h e  p r e s e n t  i n v e s t i g a t i o n  i n d i c a t e  t h a t  it can be used 
s u c c e s s f u l l y  t o  s y n t h e s i z e  a manual control  compensat ion system for  a l a rge  
f l e x i b l e  b o o s t e r .  
Ames Research Center 
National Aeronautics and Space Administration 
Moffe t t   F ie ld ,  Ca l i f . ,  94035, J a n .  7 ,  1969 
125-19-01-16-00-21 
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APPENDIX A 
CONSTANT COEFFICIENT EQUATIONS OF MOTION 
The equa t ions  o f  mot ion  used  to  r ep resen t  t he  boos te r  i n  the  p i lo t  
descr ib ing  func t ion  s tudy  were  the  same s e t  u s e d  i n  t h e  s i m u l a t o r  s t u d y  
except  tha t  the  coef f ic ien ts  were  main ta ined  cons tan t  a t  the  va lues  cor re-  
sponding  to  the  maximum dynamic p r e s s u r e  p o r t i o n  o f  t h e  f l i g h t  p r o f i l e .  T h i s  
provides  a set o f  cons t an t  coe f f i c i en t  l i nea r i zed  equa t ions  wh ich ,  t o  a f irst  
approximation,  represents  the vehicle  dynamics at a p a r t i c u l a r  i n s t a n t  i n  t i m e .  
However, a s l i g h t l y  d i f f e r e n t  set  of   equat ions i s  a v a i l a b l e .  The primary 
d i f f e r e n c e  i n  t h e  two se t s  o f  equa t ions  is t h e i r  d e s c r i p t i o n  o f  t h e  
low-frequency dynamics. 
To i l l u s t r a t e  t h i s ,  it is  s u f f i c i e n t  t o  c o n s i d e r  t h e  e q u a t i o n s  o f  m o t i o n  
for  the  two-degree-of-freedom  rigid-body  dynamics. The r e p r e s e n t a t i v e  s e t  of 
t ime-varying coeff ic ient  equat ions of  motion as used i n  t h e  f l i g h t  s i m u l a t o r  
s tudy   ( re f .   1 )  i s  given  below: 
x = -Fact - FeO - F B B 
These equations are a p e r t u r b a t i o n  s e t  w i t h  r e s p e c t  t o  a reference frame 
moving along  the  nominal   t ra jectory.  The a x i s ,  x ,  l i e s  i n  t h e  b o o s t  p l a n e  
pe rpend icu la r  t o  the  nomina l  f l i gh t  pa th ;  A0 r e p r e s e n t s  t h e  a t t i t u d e  e r r o r  
sensed by t h e  i n e r t i a l  n a v i g a t o r  ( i n  d e g r e e s ) ,  ct represents   the  aerodynamic 
angle   o f   a t tack   ( in   degrees) ,   and  B i s  the   engine   cont ro l   def lec t ion   ( in  
degrees) .  The terms Fa, F e ,  F g ,  M a ,  Mg, and  57.3/V  are  t ime-varying  coeffi-  
c i e n t s  where V is the  nominal   vehicle   veloci ty   ( in   m/sec) .  The v a l i d i t y   o f  
representing the vehicle dynamics a t  a p a r t i c u l a r  i n s t a n t  o f  f l i g h t  by con- 
s t a n t  c o e f f i c i e n t s  i s  clear ly  dependent  on t h e  r a t e  a t  which t h e  r e s p e c t i v e  
coef f ic ien ts   vary .   Us ing   th i s   method,   the   fo l lowing   se t   o f   cons tan t  
coe f f i c i en t  l i nea r  equa t ions  i s  obta ined:  
During the first s tage  burn ,  however ,  the  launch  vehic le  i s  cons t an t ly  
a c c e l e r a t i n g .  If t h e  ct equat ion  is d i f f e r e n t i a t e d   b e f o r e   t h e   c o e f f i c i e n t s  
a r e  set cons t an t ,  t he  ve loc i ty ,  V,  c a n  b e  t r e a t e d  as a v a r i a b l e .  The equat ion 
f o r  a becomes 
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With t h e  c o e f f i c i e n t s  of  t h i s  equa t ion  he ld  cons t an t  a t  t h e  maximum dynamic 
p res su re  va lues ,  t he  fo l lowing  s e t  o f  equa t ions  r ep resen t s  t he  veh ic l e  
dynamics : 
X = -0.13a - 0.3668 - 0 . 3 0 ~  (A3a) 
A i  = 0.141a - 1.156 (A3b) 
= A 6  + 0.118X - (0 -03086) (a - A8) (A3c) 
These two sets of  equat ions are compared i n  t e rms  o f  t he i r  f r equency  
response   and   t ransfer   func t ions   in   f igure  22 .  I t  i s  seen   tha t   the   f requency  
response  for  the  second se t  of  equations  ((A3a) - (A3c))  has a much h ighe r  
low-frequency  gain  than  does  the f irst  s e t  o f  equa t ions .  The f irst  se t  of 
equat ions would suggest  poor  low-frequency  response  (refs.  2 and  3). The 
second se t  o f  equa t ions ,  however ,  exh ib i t s  a h ighe r  ga in  in  the  low- f requency  
dynamics  and  does  not  indicate a poor  low-frequency  response.  The l a t t e r  i s  
more c o n s i s t e n t  w i t h  a c t u a l  p i l o t  p e r f o r m a n c e  i n  a s i m u l a t o r  u s i n g  t h e  time- 
varying vehicle  dynamics ( ref .  1)  and the re fo re  appea r s  t o  be  a b e t t e r  
e s t ima t ion  o f  t he  t ime-va ry ing  se t  o f  d i f f e ren t i a l  equa t ions .  
40 - 
-20 L I I \  I 
0 
A@@ based on constant  coefflclent 
dlfferential equations (2a)-(2c) 
V 
p -100- 
- (S-.O4326l(S-  344)(S+403) 
As/p. 1.15 (S tOI97)  
aJ 
A8@ based on alternate set of 
constant coefficient differential 
equotlons (3a)-(3c) 
I. 15(S+.05054) 
a' -300- 
A8'p=CS-.01168)CS-.347)(S+.405) 
I 
.I 
Frequency, rad lsec  
10 
I 
Figure 22.- Comparison  of  frequency  response  for  two  time-invariant  representations of the 
booster  dynamics. 
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APPENDIX B 
QUASI-LINEAR PILOT MODEL MEASUREMENTS 
vehi 
i n g  
Measurements were made o f  a p i l o t  c o n t r o l l i n g  t h e  unaugmented launch 
.cle dynamics without  a p i l o t   f i l t e r   i n  a single-axis compensatory track- 
t a s k .  For these  tests, the  launch  vehicle  dynamics were r educed  to  a set  
of  t ime- invar ian t  dynamics representa t ive  of  the  sys tem 77 seconds  in to  the  
f l i g h t .  A t  t h i s  time, t h e  v e h i c l e  is i n  t h e  h i g h  dynamic p res su re  po r t ion  
o f  t h e  t r a j e c t o r y .  The equat ions were r educed  to  a t ime- invar ian t  se t  us ing  
the  second method i n  appendix A, equat ions (A3a) t o  (A3c). 
e(s) .336  (S+.0623)6-5.O923)(S+  5055)(S2+3495+6.54) x 
Y -  -pv)' (S-.325)(S+.386)(S2+.0665+45.0)(Sz+.342S+6.48) 
(S2+3365+7.64)(Sz+.41445+9.96)(S2+.03765+4813) x 
(S2+.3785+8  98)(S2+  4345+9882)(S2+39.65+  1376) 
(S2+79.85+3750)  
4 0  - (S+188) 
>a 
-400 - 
L I I I I 
Frequency, rodlsec 
.Ol .I I IO I00 
An e x i s t i n g  S a t u r n  V launch 
v e h i c l e  s i m u l a t i o n  ( r e f .  12)  w a s  
c o n v e r t e d  t o  t h e  c o n s t a n t  c o e f f i c i e n t  
l inear ized approximation of  the 
actual  vehicle  dynamics.  The f r e -  
quency response for  the uncompen- 
s a t e d  b o o s t e r  a t t i t u d e  dynamics and 
t h e  r e s p e c t i v e  t r a n s f e r  f u n c t i o n  i s  
shown i n  f i g u r e  2 3 .  
During these tests,  t h e  p i l o t  
was given a random-appearing at t i tude 
t r ack ing  task  i n  t h e  p i t c h  p l a n e .  
The a t t i t u d e  e r r o r  was d i s p l a y e d  t o  
t h e   p i   l o t  by a h o r i z o n t a l   b a r  on t h e  
cathode  ray  tube.  The i n p u t   s i g n a l  
w a s  prerecorded on an FM t ape  
recorder .  
Figure 23.- Att i tude   to   engine   g imbal  command The frequency  range  of   the  input  
angle  frequency  response.  s i g n a l   u s e d   d u r i n g   t h e   p i l o t   d e s c r i b -  
ing function measurements was made 
compat ib le  wi th  the  vehic le  response  requi rements  dur ing  a p i lo t ed  l aunch .  
To understand how the response requirements  on the vehicle  were determined,  
i t  i s  necessa ry  to  r ev iew the  p i lo t  task during  launch. The p r i m a r y  p i l o t  
t ask  dur ing  a launch i s  to  gu ide  the  veh ic l e  t h rough  the  f irst  s t a g e  o f  f l i g h t  
and t o  r e d u c e  t h e  s t r u c t u r a l  l o a d s  on the  vehic le  by  keeping  the  vehic le  
headed into the wind. The la t te r  maneuver  predominates as the vehicle  pene-  
trates t h e  j e t  stream, and t h i s  maneuver e s t a b l i s h e s  t h e  fastest response 
requirements  on  the  system.  This  response  requirement  can  be  represented  in 
the  cont inuous  t racking  task  by ad jus t ing  the  bandwid th  o f  t he  inpu t  s igna l  t o  
be near  the bandwidth of  the Fourier  t ransform of  the wind dis turbance.  The 
phys ica l  s ign i f i cance  of t h i s  t e c h n i q u e  i s  exp la ined  in  r e fe rences  3 and 13. 
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20- RMS= 1/2 in.  displacement on cathode  ray  tube 
(corresponds lo 2 O  ottitude  error) The spec t rum  of   the   input  signal 
O d B   = l c m 2  is compared wi th   t he   Four i e r   t r ans fo rm 
0 +lJ& . .   . .  u I I of   the  wind   d i s turbance   inf igure   24 .  
m 
m .\ 
a - Normollzed Fourier - -40 - transform of wind 
a 
- Lt' * 
\ 
The i n p u t  s i g n a l  was composed o f  e i g h t  
s i n e  waves,  four primary and four 
-0 - - -20- i"+ 0 0 f . 2  
k L  \ F . '  secondary.  The f r equenc ie s   o f t he  I 1  
dlsturbance 1 ;  s o  20 40 s i n e  waves were ad jus t ed  so tha t   each  
c 
li 
1, sec s i n e  wave gave a prime number of  
The a t t i t u d e  t r a c k i n g  signal was 
-60 - Idealized Jet stream wind cyc le s  wi th in  a fou r -minu te  in t e rva l .  
dlsturbonce 
-Yo:. .I I I O  t h e r e f o r e   p e r i o d i c   w i t h  a fundamental I I I 
Frequency.  rad/sec per iod   o f   fou r   minu te s .   Th i s low 
fundamental frequency i n  t h e  command 
and t h e  r e s u l t i n g  s i g n a l  a p p e a r e d  t o  
be  random.  The four   pr imary 
Figure 24.-  Input power spectrum. s i g n a l  w a s  n o t   e v i d e n t   t o   t h e   p i l o t  
f requencies  of  the random-appearing input  s ignal  had a bandwidth of 
0 .183  rad/sec.  The secondary  f requencies  were reduced  to  one- ten th  the  ampl i -  
tude  of the pr imary frequencies  and ranged in  f requency from 0.204 to  
=1 rad/sec.   This  "augmented rectangular   input   spectrum"  provides  a command 
s igna l  i n  the  f r equency  r ange  o f  boos t e r  t a sk  demands, less than 0.183 rad/sec,  
and s t i l l  provides  some energy a t  h ighe r  f r equenc ie s  wi thou t  a f f ec t ing  the  
low-f requency   per formance   of   the   p i lo t   ( re f .   4 ) .   This   type   o f   input   s igna l  
a l l o w s  p i l o t  model  measurements a t  f requencies  h igher  than  the  pr imary  input  
s ignal  bandwidth.  The technique has  been used successful ly  before  and i s  
descr ibed  more comple t e ly  in  r e fe rence  4 .  
The command i n p u t ,  t h e  e r r o r  s i g n a l ,  t h e  p i l o t  o u t p u t ,  a n d  t h e  v e h i c l e  
output   ( f ig .   1 )  were recorded on FM t ape .  Data were recorded   in   four -minute  
i n t e r v a l s .  S i n c e  a l l  s i n e  waves  composing t h e  i n p u t  e x h i b i t e d  an i n t e g r a l  
number o f  c y c l e s  i n  a four-minute  per iod,  a zero mean was assured .  The 
s igna l s  were  ana lyzed  fo r  t he i r  power and cross-power content and the transfer 
f u n c t i o n  o f  t h e  p i l o t  was e s t ima ted  us ing  s t anda rd  r e l a t ions  f o r  power dens i ty  
spec t r a  in  l i nea r  sys t ems .  These  t echn iques  are cove red  tho rough ly  in  r e fe r -  
ences  14,  15,  and  16. The a c t u a l  r e l a t i o n s  u s e d  t o  e s t i m a t e  t h e  p i l o t  model 
and the  to t a l  open- loop  sys t em rep resen ta t ion  a re  g iven  be low.  
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p i l o t  o u t p u t  
e r r o r  s i g n a l  ( d i s p l a y e d  t o  t h e  p i l o t )  
command s i g n a l  
system output 
t h a t  p o r t i o n  of t h e  p i l o t  o u t p u t  n o t  l i n e a r l y  c o r r e l a t e d  w i t h  t h e  
command s i gnal  
s i g n a l  t h a t ,  i f  i n j e c t e d  a t  t h e  p i l o t ' s  e y e ,  would cause the s ignal  
n ( t )  i n  t h e  p i l o t  o u t p u t  c o n s i d e r i n g  an otherwise completely 
l i nea r  sys t em 
cross  power  between x ( t )  and y ( t )  
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